Characteristics of an optical shutter utilizing Kerr effect induced by picosecond laser pulses in carbon disulfide are studied experimentally. The shutter has a gate time of 4.5 to 5 ps full width at half-maximum and a trans mission of V15$ at a wavelength 0.53 van. Such an ultrafast shutter can be used as an optical signal gate in a sampling detection scheme that has picosecond time-resolution. The picosecond optical detection scheme is envisioned to have applications in experimental 1. if,h-energy physics such as to time-resolve ultra short Cerenkov or synchrotron radiation emitted by relativistic particles.
I. INTRODUCTION
Detection using a sailing scheme provides a fast yet sensitive method to study the time structure of optical radiation. The sampling detector consists of a signal-gating optical shutter and a conventional photo-electric detector to monitor the gated samples. The envelope of the pulsed radiation is then recon structed from the samples taken by the sampling detector. The time-resolution of this sampling detection scheme is set by the gating time of the shutter, rather than the speed of the sample-monitoring detector itself which at best has a reso lution of few hundred picoseconds. As optical shutters utilizing the Kerr effect induced by picosecond laser pulses have a gate time of only few picoseconds, optical detection can thus be time-resolved on a picosecond scale. Such an ultrafast optical detection scheme has many applications in experimental high-energy physics. For example, using the picosecond optical detector as a timing element in the usual time-of-flight measurement experiment, one can identify particles with high-energy resolution over a moderate flight path length. The well-known Kerr" effect in liquids results from a partial statistical reorientation of anisotropic molecules in an applied electric field that induces birefringence. Because of their anisotropic polarizability, the molecules tend to align themselves with their axis of largest polarizability along the direction of the applied field. Thus, the anisotropic optical properties of individual mole cules no longer average out completely, producing a field-dependent birefringence.
In dipolar liquids, the Kerr effect may also arise from interaction of the per manent electric dipole moment with the applied field. In liquids consisting of isotropic molecules, birefringence results only from electronic polarization and is extremely small. In amorphous solids the phenomenon is more complicated.
The field-induced birefringence, in conjunction with a pair of crossed polarizers, can be used to construct an optical shutter driven by an electrical pulse. Figure 1 illustrates a typical arrangement of an electro-optical Kerr shutter. A cuvette containing a Kerr substance, usually nitrobenzene, is placed between a polarizer and an analyzer. The electric field required to induce the birefringence is obtained by applying a voltage potential across the two plane-parallel electrodes in the cell. The transmission of the shutter is deter mined by the state of the birefringence induced by the applied electric field.
The shortest opening time of this type of electro-optical shutter that can be achieved is about of few hundred picoseconds. The gate time of the shutter is limited by the availability of high-amplitude, short-duration electrical pulses, rather than by the relaxation time of the Kerr medium used in the shutter.
It is experimentally shown that intense optical pulses, such as those generated by high-power lasers, can be used in place of electrical pulses to induce optical birefringence in a Kerr substance. As intense, picosecond optical -3-pulses are readily generated by lasers, a laser-driven ultrafast Kerr shutter can be constructed.
Carbon disulfide with its relaxation time of 2 ps is a liquid commonly used for shutters. The carbon disulfide shutters have an opening time of few picoseconds, and this is limited by the relaxation time of the Kerr medium and the duration of the driving laser pulse. The possibility of using material with a faster relaxation time is the subject of recent theoretical and experimental studies. 5 ' 6 In liquids the Kerr effect at optical frequencies arises dominantly from moleclar reorientation under the influence of an intense electric field of opti-7 cal radiation.
Because the field is of high frequency, the optical Kerr effect depends not on the permanent dipole moment of the molecules, but on their aniso tropic polarizability. Optical Kerr effect may also be due to nonlinear electronic Q polarizability arising from distortion of the electron cloud of the molecules.
The birefringence induced by a plane-polarized uniform optical wave is uni axial with its otitic axis in the direction of the electric field. The difference between refractive indices parallel to and perpendicular to the optic axis, a 5n » n,. -n^, satisfied the following equation:
where K is the optical Kerr constant of the medium. For polar molecules witli large dipole moment, the optical Kerr constant can be much smaller than the static or low-frequency Kerr constant. For nonpolar molecules, Kerr constants at opti cal and low frequencies are approximately equal. In Eq.
(1), the envelope of the electric field of the optical pulse is denoted by E(t) and the intensity of 10 2 the pulse is I(t) « (nc/8Tr)E (t) where n is the unperturbed refractive index of the medium and c the light speed. Eq. (1) shows that once the driving field vanishes, the induced birefringence decays with a characteristic time constant T. For a laser-driven Kerr shutter, the optical paths in the Kerr medium for the signal and drive pulses are not necessary collinear as the induced birefrin gence is uniaxial. If the polarization of the signal light incident on the Kerr medium is at an angle 9 with the polarization of the drive pulse, then the inten sity transmission of the shutter is
where X is the free-space wavelength of the signal pulse and & is the distance the signal pulse travels in the birefringent mediun. For drive and signal pulses of ultrashort duration, the maximum birefringent distance may he limited by the mismatch in the group velocities of the two pulses. In carbon disulfide, the mis match is about 4.8 ps/cm for pulses of wavelengths at 1.06 urn and 0.53 um.
-t>-From Eqs. (2) and (3), one can see that the state of the induced birefrin gence, and hence the temporal transmission of the shutter, is affected by the relaxation time of the Kerr medium, particularly when the duration of the drive pulse is shorter than or comparable to the relaxation time. When the duration of the drive pulse is much longer than the relaxation time and the retarded phase of the shutter, 2n(£A)6n, is small compared with unity, then the shutter trans mission is proportional to the square of the intensity of the drive pulse, 2 T(t) <* I (t). Because Eq. (2) is a convolution integral of material response to an exciting pulse, the minimum duration of the induced birefringence, thus the shortest gating time of the shutter, is limited by the relaxation time of the Kerr medium. For a drive pulse that is a Dirac impulse, the shutter opens for a full width at half maximum of (T/2)2.n2.
III. OPTICU DETBCriON USING SAWLING SO03E
The ultrafast shutter can be used to gate out a portion from an optical signal in a sampling detection scheme. Por a signal with intensity I s (t) F the output of the shutter is given by,
The optical signal can be either coherent or incoherent. Eq. (4^ represents a time convolution of an input signal with the shutter transmission.
If the gating time of the shutter is much shorter than the duration of the signal pulse, the output of the shutter can be considered as a sample of the sig nal pulse taken at the instant the shutter opens. By taking samples of the signal pulse at regular intervals over its entire duration, the original signal envelope can be reconstructed from these samples. This is conveniently done by successively delaying or advancing the arrival time of the drive pulse relative to that of the signal pulse at the Kerr shutter. In this case, a repetitive signal source syn chronized with the shutter is required.
The time-resolution of this optical sampling detection scheme is determined by the gate time of the shutter while the sensitivity is limited, in part, by the maximum transmission of the shutter. Thus using a picosecond optical shutter, time-resolved detection of optical radiation can be achieved on a picosecond scale. It is noted that sensitive but usually slow photo-electric detectors, such as photomultipliers, can be used to register the optical samples. As a maximum transmission of 20% for a laser-driven Kerr shutter can be obtained, one can achieve a high detection sensitivity of as little as five photons. The dynamic range of this sampling scheme, as the optical signal itself is not intense enough to induce nonlinear effects in the Kerr medium of the shutter, is limited by that of the detectors used for registering the samples.
-8-A sampling arrangement is schematically shown in Fig. 3 in which only one signal pulse is needed to obtain its envelope shape. The signal pulse is multiply split into several replicas before being sampled. This is done, for example, with a total reflector and a partial reflector that together serve as a beam splitter and a step delay line. For the purpose of illustration, only three replicas are produced in Fig. 3 . In this example, the partial reflector has a transmission of 1/3, 1/2, and 1 over three different regions, producing three replicas of equal intensity, delayed progressively in time from each other.
The tiae delay between the signal replicas is determined by the spacing between -10-
IV. SYNCHRONIZATION WITH A PARTICLE ACCELERATOR
The ultrafast sampling detector can be used to study the time-structure of the Cerenkov or synchrotron radiation emitted by relativistic particles, lor this application, synchronization between the laser pulse and the signal pulse is required. The continuous, periodic signal pulses, 3s the particles arc pro duced at the bunch frequency of an accelerator, facilitates synchronization with a shutter that opens periodically. In this section, several types of lasors that are capable of generating high-power, picosecond optical pulses are reviewed briefly. Then methods of synchronization of a laser-driven shutter with a particle accelerator or synchrotron are discussed.
It is well-known that a train of periodic, short optical pulses can be generated by locking the phase of various oscillating modes of a laser. J For a continuously pumped laser, mode-locking can be achieved by modulating the qua lity factor Q of the laser cavity at the intermode frequency of the cavity or its harmonic. The intermode frequency is a characteristic of the cavity geometry and for a linear cavity of length L, it is given by c/2L where c is the light speed.
As the cavity Q is controlled by an external force, usually an electrical sig nal of radio frequency, the laser is said to be mode-locked actively. The modelocked laser oscillator generates a continuous train of periodic, short pulses with a period given by the inverse of the intermode frequency. A continuously pumped, actively mode-locked laser can be synchronized with a particle accelera tor or a synchrotron as they are operated in a steady state. If the particles are bunched at the intermode frequency of the laser and if the two electrical control signals are phase-locked, the trains of the laser pulses and of the sig nal pulses generated by particles are then synchronized in time.
Continuously pumped Nd:Yag, Nd:glass, and organic dye lasers have been actively mode-locked. "
The pulses are generally of a duration longer than the inverse of the oscillating bandwidth of the laser gain medium. From an actively mode-locked Nd:Yag laser, a continuous train of pulses of wavelength at 1.06 um is generated. The pulses have a duration of about SO ps and a peak power in the kilowatt range. In order to increase the transmission of a Kerr shutter, a pulse power greater than that available from the mode-locked oscilla tor is necessary. This can be achieved by using a laser amplifier or amplifiers.
Simultaneous Q-switching and mode-locking of a laser oscillator also increases peak power 10 to 10 times.
Trains of short optical pulses, periodic in time, also can be generated by a laser with a saturable absorber. By adjusting the optical density of the non linear absorber and the laser pumping condition, the longitudinal modes of the laser is spontaneously or passively locked in phase. The pulse train from a passively mode-locked laser oscillator is either continuous or of finite dura tion, depending on whither the laser pumping is continuous or pulsed.
A continuously pumped, passively mode-locked laser can be synchronized with a particle accelerator as a reference locking signal for bunching the accele rator can be derived from photo-electric detection of the laser pulse train.
From a passively mode-locked dye laser, " pulses of subpicosecond in duration and tunable over a wide spectral range are generated. Applying cavity-dumping technique, the ultrashort pulses of kilowatts in peak power are obtained at a 21 pulse repetition rate of kilohertz.
Using these dye laser pulses to drive a carbon-disulfide shutter, a transmission of a small fraction of a percent and a 22 gate time of 2 ps are achieved.
-12-For a pulsed, passively mode-locked laser, the generation of ultrashort 23 24 pulses is a transient process. * Typical train of laser pulses lasts ranging from tens of nanoseconds to few microseconds. As there is no external force to control or means to predict the appearance of the laser pulses, their synchroniza tion with independently occurred events is rather difficult. Using an intracavity optical shutter or double-pulse pumping technique the time jitter for appear ance of the pulse train is reduced to a few microseconds. While this jitter is still too large for synchronization on a picosecond scale, these pulsed, passively mode-locked laser oscillators, such as ruby, Nd:glass, Nd:Yag, and dye lasers, are capable of generating picosecond pulses of peak power as high as gigawatts. '"'
Predictable pulse trains may be obtained from a pulsed, passively mode-locked laser by forced formation of periodic pulses, before the laser threshold is reached. This is done by modulating the cavity Q actively. The pulses are then subsequently amplified by the gain medium and shortened by the saturable absorber.
The optical sampling scheme still can be applied even though the train of drive pulses is of finite length and is not synchronized with the signal pulse train. To sample the signal pulse, the bunch frequency of the accelerator is slightly different from the intermode frequency of the laser. Thus, a different portion of each signal pulse in the pulse train is gated out each time the shutter opens. The time between the two successive samplings is given the difference between the periods of the signal pulse train and the drive pulse train. The output of the shutter consists of a train of optical samples whose envelope gives the signal pulse shape if the drive pulse train is sufficiently long. Figure 4 illustrates this particular scheme. The signal pulse train is assumed to consist of triangular pulses and the drive pulse train is of short rectangular pulses. In the figure, the time scale for the output signals from -13-the shutter is greatly reduced for clarity. Figure 5 shows a schematic arrangement of a pulsed laser system to drive a Kerr shutter. A single pulse is selected from a train generated by a pulsed, passively mode-locked laser oscillator with a conventicnal electro-optical shutter.
The selection is necessary as the pulses from the mode-locked oscillator are generally not of equal intensity and duration. The single pulse then passes through a ring amplifier consisting of an amplifying medium and a saturable absorbing medium. Pulses of shorter duration and higher power can be obtained 32 33 with this two-component amplifier. ' The output of the amplifier is a train of nearly uniform pulses with a repetition period equal to time required for a round-trip along the ring cavity. The length of the train is determined by the pumping duration of the amplifying medium and it can be several hundred microseconds. The transmission of the Kerr shutter is taken as a ratio of the energy in the transmitted probe pulse to that in the corresponding incident pulse.
Measurements are taken at various time delays of the probe pulse relative to the drive pulse. To ensure a constant driving condition for transmission calculation, incident probe pulses with a pulse energy uniform within 5% are selected. The transmission curve shown in Fig. 8 has a full width at half maximum (FWHM) of 6.0 +_ 0.5 ps. Based on numerical simulation on a digital computer, assuming Gaussian drive pulse and 2.4 ps for Kerr relaxation time, the shutter has a FWHM gate time of 4 to 5 ps and the infrared laser pulse has a duration about 4 ps. It is also observed that the transmission curves corresponding to the drive pulses in the later part of the train broadens, indicating that the pulse in the later part of the train broadens, indicating that the pulse duration increases gradually in time. This observation correlates wtll with direct fast-streak camera studies of temporal evolution of picosecond pulses in 37 38 a passively mode-locked Nd:glass laser. '
It should be emphasized that the present measurement of pulse duration, which is an average of single pulses selected from same position in several pulse trains rather than of all pulses in the same pulse train, is more accurate than that previously obtained using the TPF technique.
-17-
VI. CONCLUSION
In this paper, theory of a laser-driven Kerr shutter with its application to optical detection is presented. Characteristics of an optical shutter with carbon disulfide as the Kerr medium are experimentally studied. The shutter is activated by pulses from a pulsed, passively mode-locked Ndjglass laser and is found to have an FWHM gate time of 4 to 5 ps. The shutter has a transmission of VL54 at a wavelength 0.53 \m over an aperture of 3 urn. Both the shutter transmission and aperture can be increased by using laser pulses of higher intensity and of larger beam size, and this can be obtained with a laser amplifier.
Piosecond resolution can be achieved with such ultrafast shutter as a signal gate in a sampling detection scheme. This ultrafast optical detection scheme has unique capability in experimental research in high-energy physics such as studying Cerenkov or synchtron radiation emitted by high-speed parti cles. Methods of synchronizing a Kerr shutter driven by various types of lasers with a particle accelerator or a synchrotron are discussed. 
